Background: Hypertension is associated with increased risk of heart disease, stroke, kidney failure, premature mortality, and disability. This rising prevalence of hypertension has been linked to insufficient dietary magnesium intake. However, epidemiological evidence supporting this relationship is inconsistent. To investigate whether magnesium intake affects blood pressure, we examined the association between dietary magnesium intake and the incidence of hypertension in apparently healthy Mexican adults participating in the Health Workers Cohort Study. Methods: A total of 1,378 subjects (77.4% women and 22.6% men), participating in the Health Workers Cohort Study, free of hypertension at baseline (systolic blood pressure <140 mmHg or/and diastolic blood pressure <90 mmHg), were prospectively studied. Magnesium intake was evaluated using a semi-quantitative food frequency questionnaire. The longitudinal relationships between dietary magnesium intake and the incidence of hypertension were analyzed with generalized estimation equations.
Background
Elevated blood pressure (BP) or hypertension, defined as systolic blood pressure equal to or above 140 mmHg or/and diastolic blood pressure equal to or above 90 mmHg, is associated with increased risk of heart disease, stroke, kidney failure, premature mortality, and disability [1] . Worldwide in 2008, approximately 40% of adults older than 25 years had been diagnosed with hypertension [1] . In the Americas, 35% of the adult population suffers from this condition [2] . In Mexico, according to the 2012 National Health and Nutrition Survey [3] , 32.4% of men and 32.3% of women had hypertension. This rising prevalence of hypertension is linked to population aging and to excess weight and persistent stress exposure on the individual level. Other causes of hypertension include, but are not limited to, tobacco use, high consumption of alcohol, sedentary lifestyle, a diet high in sodium, and insufficient intake of minerals like potassium, calcium, and magnesium (Mg) [4] .
Mg plays an important role in cellular processes including vascular tone, cardiac excitability, neuromuscular transmission, and blood pressure [5] [6] [7] ; additionally, Mg could also decrease BP, since as a calcium antagonist in smooth muscle, it might produce vasorelaxation [8] . Moreover, Mg diminishes the biological activities of angiotensin II and inhibits norepinephrine release. It has also been reported that plasma rennin activity is inversely associated with serum Mg. Furthermore, it has been shown that variations in extracellular Mg content modify the production and release of nitric oxide, resulting in the alteration of arterial smooth muscle tone. Finally, it also has been reported that the antioxidant properties of magnesium could attenuate the detrimental effects of oxidative stress on the vasculature, thereby preventing increased vascular tone and contractility [8, 9] .
Magnesium, a cofactor for hundreds of enzymes, is an essential mineral that is crucial for a numerous of metabolic functions in the human body. The main dietary sources of Mg are whole grains, legumes, nuts, and green leafy vegetables [10] , while processed and refined foods are poor Mg sources [11] . Low Mg consumption is common worldwide (although statistics do not exist for Mexico); in the US, 67% of women and 64% of men consume inadequate amounts of Mg [12] . Insufficient dietary Mg intake has been related to adverse health outcomes including hypertension [13] [14] [15] . However, epidemiological evidence supporting this relationship is inconsistent. For the most part, cross-sectional studies have demonstrated an inverse relationship between dietary Mg and BP [16] [17] [18] [19] . However, prospective cohort studies have also found weak [20, 21] or no relationships [22, 23] between Mg and the development of hypertension. Clinical findings on this topic are mixed, including reports that Mg supplementation lowers [24] [25] [26] or does not affect [27] BP.
To investigate whether magnesium intake affects BP, we examined the association between dietary magnesium intake and the incidence of hypertension in apparently healthy Mexican adults participating in the Health Workers Cohort Study (HWCS).
Methods

Study population
The HWCS is a longitudinal study investigating relationships between lifestyle and health. [28, 29] .
Seven years later, approximately 2,500 subjects of those original HWCS subjects were invited to participate in a follow-up data collection phase, which took place from 2012-2013. Of these, only 1,855 participants attended the second examination and were eligible for the current investigation. Both the participants attending the second examination and no participants in the follow-up study were similar in age, percentage of women, and prevalence of diabetes. Data on sociodemographic, lifestyle, and medical history factors was collected with self-administered questionnaires, and anthropometric measurements and clinical evaluations were performed. For the present analysis of participants in both phases of the HWCS, we excluded individuals with hypertension at baseline (n = 286), which we defined as having systolic blood pressure ≥140 mmHg or/and diastolic blood pressure ≥90 mmHg, self-reported history of hypertension, and history of anti-hypertensive treatment; in addition, we eliminated subjects who responded to less than 85% of questions or did not complete all the diet-related questions (n = 150). We also used the standard deviation method to exclude subjects providing extreme caloric intake values (<600, >7,000 kcal/day) (n = 25) and/or extreme magnesium consumption values (n = 16) [30] . The final study population included 1,378 men and women without hypertension at baseline and who had provided complete data on Mg intake and other major lifestyle variables.
Ethics statement
This study was planned and performed according to the guidelines of the Declaration of Helsinki. 
Assessment of magnesium intake
In the HWCS, a validated 116-item semi-quantitative food frequency questionnaire (FFQ) was used to collect dietary information [31] . On the FFQ, a common unit or portion size for each food was specified and the participants were asked how often they had consumed that amount on average during the previous year. Ten possible responses ranging from "never" to "six or more times per day" were recorded. Magnesium and other nutrient intakes were computed by multiplying the frequency of consumption of each unit of food from the FFQ by the magnesium and nutrient content of the specified portion size. Composition values for dietary magnesium and other nutrients were obtained from a Mexican database of food contents [32] . Information about use of specific brand and type of multivitamins was collected by asking current users about weekly number of multivitamins taken. Total magnesium represented the sum of magnesium intake from dietary and supplemental sources. Each nutrient was adjusted for total energy using the residual method [33] . Finally, in order to compute energy consumption, the daily frequency of consumption of each food was multiplied by the food's energy content.
Assessment of anthropometric measures
Body weight was measured with a previously calibrated electronic scale (model BC-533; Tanita, Tokyo, Japan), with participants wearing minimal clothing and no shoes. Height was measured using a conventional stadiometer (SECA brand) on barefoot subjects standing with their shoulders in a normal position; the measurements were taken with a tape in a horizontal plane perpendicular to the vertical scale, touching the top of the head at the moment of inspiration. Body mass index (BMI) was computed as a ratio of weight in kilograms divided by the height in meters squared.
Assessment of hypertension
Subjects' blood pressure was measured twice during each study visit by a trained nurse using an automatic monitor. The first measurement was taken after 5 min of rest, while participants were sitting with the dominant arm supported at heart level. The second measurement was taken in the same way, 5 min after the first.
Incident hypertension was considered present if the subject had received treatment for high blood pressure and/or physician diagnosis (systolic blood pressure equal to or above 140 mmHg or/and diastolic blood pressure equal to or above 90 mmHg) in our cohort study.
All measurement procedures were performed by nurses trained to use standardized procedures (reproducibility was evaluated, resulting in concordance coefficients between 0.83 and 0.90).
Assessment of other variables
Information on participants' sociodemographic characteristics (e.g., age, sex, and education), medical history, and lifestyle, including alcohol and tobacco consumption, were collected using a self-administered questionnaire.
Physical activity level was determined using a survey in which participants reported the time they spent each week on activities such as running and walking during a typical week in the previous year. Each activity was given a value in metabolic equivalent tasks (METs) and total METs per week was computed.
Statistical analysis
A descriptive analysis of the main variables of interest (age, BMI, waist circumference, physical activity, total energy intake, etc.) across tertiles of total dietary magnesium intake was performed. Analysis of variance (ANOVA) was used to evaluate mean differences across tertiles of total dietary magnesium intake. The chi-square test was used to determine differences in the distribution of qualitative variables across tertiles of total dietary magnesium intake.
Longitudinal coefficients were calculated between magnesium intake (tertiles) and systolic and diastolic blood pressure using the generalized estimating equations (GEE) technique [34] . This technique tests the relationship between systolic and diastolic blood pressure and magnesium intake at a specific time point, resulting in a standardized regression coefficient which can be interpreted as a longitudinal coefficient. This method corrects for time-dependent covariates, like year of measurement and biological age, and time-independent covariates like sex. We also fitted GEE models to study the association between magnesium intake and incident hypertension. This approach enabled us to describe time-dependent relationships between magnesium intake and hypertension status (yes or no), after adjusting for potential confounders. In each GEE model, we chose "Logit" as the link function because hypertension status was a binary dependent variable.
To compute regression coefficients and odds ratios (ORs), we fitted four multivariate models. The first model was adjusted for age and sex. The second model added smoking (never, past, and current), physical activity (METs per week), alcohol intake (non-drinker/drinker), postmenopausal hormone use (yes/no), and use of multivitamin supplements (yes/no). The third model included additional adjustments for dietary intake of saturated fat (g/day), cholesterol (mg/day), sodium (mg/day), dietary glycemic load (quintiles), fiber (g/day), and total energy intake (kcal/day). The final model additionally controlled for body mass index (kg/m 2 ), history of diabetes mellitus (yes/no), and family history of hypertension. Tests of linear trend across increasing tertiles of magnesium intake were conducted by assigning the means of intakes in tertiles, treated as a continuous variable.
All P values presented are two sided; P < 0.05 was considered statistically significant. The statistical analyses were performed using the STATA statistical software package, version 11.0 for Windows (Stata Corp. LP: College Station, TX).
Results
The present study includes 77.4% of women and 22.6% of men aged 20-87 years and free of hypertension at baseline. During the approximately 7 years between the baseline and follow-up assessments, 16.4% of women and 31.9% of men became hypertensive. The median intake of Mg was 308 mg/day. Baseline characteristics (sociodemographics, body composition, clinical parameters, and dietary information, standardized by age and sex), are shown in Table 1 for the sample used in the incident hypertension analysis. The highest tertile of magnesium intake had a higher proportion of men, and subjects in that tertile were slightly older and were less likely to be current smokers, to exercise, or to take multivitamins or postmenopausal hormones than those in the lowest tertile of Mg consumption. Mg intake was also inversely associated with intake of fat and cholesterol and positively associated with the consumption of fiber and glycemic load (Table 1) . Table 2 lists the results of a multivariate GEE analysis evaluating the effects of Mg intake on systolic and diastolic blood pressure. In the first model, adjusted for age and sex, we found an inverse and significant relationship between magnesium intake and diastolic blood pressure, with β [95% confidence interval (CI)] comparing the top versus the bottom tertiles of −1.27 mmHg (−2.73, −0.02; P for linear trend = 0.01). A weak negative coefficient was observed between magnesium intake and systolic blood pressure, but this relationship was not statistically significant (β = −0.70; 95% CI = −2.04, 0.65; P for linear trend = 0.31). Comparing the highest and lowest tertiles of magnesium consumption, in the fourth model (adjusted for age, sex, physical activity, postmenopausal hormone use, multivitamin use, alcohol consumption, smoking, body mass index, history of diabetes, and dietary intake of saturated fat, cholesterol, glycemic load, sodium intake, fiber, and total energy), the inverse relationship between magnesium intake and diastolic blood pressure was attenuated and was not statistically significant (β = −1.12; 95% CI = −2.31, 0.08; P for linear trend = 0.06). Finally, in the full model (which also included body mass index, history of diabetes, and family history of hypertension), we found an inverse, but not significant relationship between magnesium intake and systolic blood pressure (β = −0.35; 95% CI = −1.92, 1.21; P for linear trend = 0.66). Table 3 shows the ORs and 95% CIs of multiple GEE analysis for incident hypertension. The multiple GEE models reveal that magnesium intake was inversely associated with risk of hypertension, but not significantly (P for linear trend = 0.48). After adjustment for major confounders, we observed a negative association with an OR of 0.83 (95% CI = 0.49-1.39) when we compared the subjects with the lowest level of magnesium intake (T1) and subjects in the highest level of magnesium intake (T3).
Discussion
In the present prospective cohort study with an approximately 7-year period of follow-up, we found a modestly decreasing trend of diastolic blood pressure according to higher amount of magnesium intake. However, our results suggest no significant association between dietary magnesium intake and the subsequent development of hypertension in this adult Mexican population.
The relationship between magnesium and blood pressure has been studied for decades. Many observational studies have found an inverse association between magnesium consumption and blood pressure, but this relationship is not conclusively supported. Numerous cross-sectional studies have linked dietary magnesium intake to lower prevalence of hypertension [17, 18] , with most, but not all, finding negative associations between magnesium intake and blood pressure, although the cross-sectional association appears to be consistent, given the characteristics of this study design that finding does not necessarily imply a causal relationship.
Evidence from prospective cohort studies has been inconsistent [15, 20, 21, [35] [36] [37] . For example, in the US, in a 10-year follow-up study, Song et al. [20] found that subjects in the highest quintile of magnesium intake had a decreased risk for hypertension (relative risk = 0.91, 95% CI: 0.83-0.99, P for linear trend = 0.002) compared with subjects in the lowest quintile. In contrast, our findings are consistent with those from the Health Professionals Follow-up Study conducted by Ascherio et al. [36] and the Atherosclerosis Risk in Communities Study done by Peacock et al. [21] , which found weak and nonsignificant associations between magnesium consumption and hypertension. In general, available evidence from Table 2 Coefficients of multiple GEE analysis for diastolic and systolic blood pressure after adjusting for potential confounding variables
Outcomes
Total magnesium intake (tertiles) P value e T1 T2 T3 prospective studies does not demonstrate that magnesium intake plays a primary role in the prevention of hypertension, although the possibility that high magnesium intake has a minor effect in reducing blood pressure in normotensive subjects should not be ruled out. Although some cohort studies have found lack of association between dietary magnesium intake and the risk of hypertension, there has been recent interest in magnesium therapy as a method to reduce blood pressure. However, clinical evidence for blood pressure reduction with magnesium supplementation remains equally unclear [24] [25] [26] . A recent meta-analysis of 22 clinical trials suggests a negative association between magnesium supplementation and diastolic and systolic blood pressure; these trials found an average reduction of 2-3 mmHg for diastolic blood pressure and 3-4 mmHg for systolic blood pressure [38] . In order to understand the lack of association between dietary magnesium intake and the subsequent development of hypertension in this adult Mexican population, some limitations of the present cohort should be considered. Some of these limitations relate to the measurement of nutrient consumption and effects. First, errors in the measurement of self-reported dietary intake are inevitable. However, because the data were prospectively collected, the misclassification of dietary intake was likely to be nondifferential and could have led to an underestimation of the association between dietary magnesium intake and the risk of hypertension in our study. Additionally, these errors are unlikely to affect our results, since the FFQ that we used in this study has been validated [31] as reasonably reflecting long-term dietary intake. Second, there is a high degree of multicolinearity among magnesium and several other nutrients that makes it difficult to completely separate the independent effects of magnesium from those of nutrients like fiber, sodium, potassium, folate, and calcium. Third, in our cohort, we observed a relatively narrow range of magnesium intake, which could limit our ability detect a moderate association between magnesium intake and blood pressure. Fourth, while the prospective design of our study reduces the possibility of recall or selection bias, the low response rate at follow-up and the small sample size may have influenced our results, which were not statistically significant.
Other study limitations relate to possible confounding of data. First, the participants might have changed their diets after developing disease, leading to a conservative estimate of the relationship between magnesium and blood pressure. However, this is unlikely since the model that excluded participants who had histories hypertension or dyslipidemia generated null associations similar to other models. Second, we did not separately compare the effects of dietary magnesium and supplementary magnesium, but since subjects' intake of magnesium from supplements was minor compared with dietary intake, this was not likely to have influenced the results. Finally, while we adjusted for potential confounding factors, the possibility of residual or unmeasured confounds still remains. In addition, the participants in this cohort study are adults from a specific segment of the Mexican population: working class, seemingly healthy individuals. While they cannot be considered representative of the Mexican adult population as a whole, they may be considered representative of middle-to low-income adults residing in the urban areas of central Mexico.
Conclusions
In conclusion, these results do not support the hypothesis that magnesium intake reduces the development of hypertension, although a modest inverse association with blood pressure cannot be ruled out. 
